Abstract Trifluoperazine (TFP), a phenothiazine, is a commonly used antipsychotic drug whose therapeutic effects are attributed to its central anti-adrenergic and antidopaminergic actions. However, TFP is also a calmodulin (CaM) antagonist and alters the Ca 2+ binding properties of calsequestrin (CSQ). The CaM and CSQ proteins are known modulators of sarcoplasmic reticulum (SR) Ca 2+ release in ventricular myocytes. We explored TFP actions on cardiac SR Ca 2+ release in cells and single type-2 ryanodine receptor (RyR2) channel activity in bilayers. In intact and permeabilized ventricular myocytes, TFP produced an initial activation of RyR2-mediated SR Ca 2+ release and over time depleted SR Ca 2+ content. At the single channel level, TFP or nortryptiline (NRT; a tricyclic antidepressant also known to modify CSQ Ca 2+ binding) increased the open probability (Po) of CSQ-free channels with an EC 50 of 5.2 µM or 8.9 µM (respectively). This Po increase was due to elevated open event frequency at low drug concentrations while longer mean open events sustained Po at higher drug concentrations. Activation of RyR2 by TFP occurred in the presence or absence of CaM. TFP may also inhibit SR Ca uptake as well as increase RyR2 opening. Our results suggest TFP and NRT can alter RyR2 function by interacting with the channel protein directly, independent of its actions on CSQ or CaM. This direct action may contribute to the clinical adverse cardiac side effects associated with these drugs.
Introduction
Trifluoperazine (TFP) is clinically used to treat psychotic disorders, agitation, and dementia. It is associated with a broad range of adverse side effects on cardiac performance including QT prolongation, tachycardia, and arrhythmia [4, 17, 19] . Additionally, TFP is a well-known calmodulin (CaM) antagonist [4] that when bound to CaM blocks its ability to interact with its target enzymes [5, 36] . TFP is also known to bind to calsequestrin (CSQ) altering its conformation and consequently its Ca 2+ -binding capacity [24] .
Type-2 ryanodine receptor (RyR2) mediated Ca 2+ release from the sarcoplasmic reticulum (SR) is key to cardiac muscle function. CaM and CSQ both are known to modulate the RyR2-mediated Ca 2+ release. The action of CaM on RyR2 may be indirect via CaM-dependent protein kinase (CaMKII) or direct by CaM binding to the RyR2 protein itself [3, 12, 21, 38] . The action of CSQ on cardiac cellular Ca 2+ handling is also multifaceted. CSQ is a lowaffinity high-capacity intra-SR Ca 2+ buffer and is one element of an intra-SR RyR2 regulatory complex [1, 3, 8, 11, 13, 15, 26, 29, 33] . Alteration of the CSQ-RyR2 interaction can lead to disorders of cardiac Ca 2+ regulation and arrhythmia [15, 20, 26] . Indeed, TFP disruption (as well as other compounds like nortryptiline) of the CSQRyR2 interaction could explain some of this drug's cardiotoxic side effects [24] .
Here, we show that TFP activates single RyR2 channels in a dose-dependent, but CaM-and CSQ-independent manner. This correlates well with the action of TFP on spontaneous RyR2-mediated Ca 2+ sparks in ventricular myocytes. We therefore propose that TFP likely affects SR Ca 2+ handling in ventricular myocytes through multiple mechanisms including a direct stimulation of the RyR2 channel. This direct action could play a substantial role in the clinical adverse cardiac side effects associated with this drug.
Materials and methods

Intracellular Ca
2+ measurements
Cardiac ventricular myocytes were enzymatically isolated from adult cats and rabbits using methods described previously [27, 30] transients were obtained by averaging the entire cellular fluorescence signal from the line scanned and presented as background-subtracted normalized fluorescence (F/F 0 ). Ca 2+ transients were evoked by electrical field stimulation with suprathreshold voltage pulses applied through a pair of extracellular platinum electrodes at a frequency of 0.5 Hz.
For both intact and permeabilized cells, SR Ca 2+ load was determined from the peak amplitude of the cytosolic free Ca 2+ transient induced by the rapid application of 20 mM caffeine. This concentration of caffeine fully activates RyR2s [24] and leads to the synchronized release of total Ca 2+ stored in the SR [3] .
Single RyR2 channel recording Heavy SR microsomes were prepared from rat ventricle using methods described previously [6] . Planar lipid bilayers were formed from a 5:4:1 mixture (50 mg/ml in decane) of bovine brain phosphatidylethanolamine, phosphatidylserine, and phosphatidylcholine. Bilayers were formed across a 100-µm diameter hole in a 20-µm thick Teflon partition that separated two 1 ml compartments. One of these compartments (cis) was virtually grounded and filled with a HEPES-Tris solution (250 mM HEPES , 120 mM Tris, pH 7.4). The other chamber was filled with HEPES-Ca solution (250 mM HEPES, 53 mM Ca(OH) 2 , pH 7.4). Then, 500 mM CsCl and 5-15 μg heavy SR microsomes were added to the cis chamber. Immediately upon observation of ion channel activity, the solutions in both compartments were exchanged at a rate of 4 ml/min (for 5 min) to establish the desired test conditions. Unless otherwise specified, the holding potential was held constant at 0 mV and recordings were made at room temperature (20-22°C). Single RyR2 channel recordings sampled at 100 µs/pt and filtered at 1 kHz (8-pole Bessel). Single channel analysis was done using pCLAMP9 software (Axon Instruments/Molecular Devices). Open times, closed times, event frequency and open probability were defined using the half-amplitude threshold method. Channel incorporation always resulted in the cytosolic side of the RyR2 channel facing the cis solution/chamber [10, 35] . After incorporation of a single RyR2 channel into the bilayer, the luminal side of the channel was subjected (unless specified differently) to a 15 min 10-53 mM Ca 2+ solution prewash to promote spontaneous dissociation of CSQ (if present) from the channel as previously described [26] . Note that the cytosolic side of the RyR2 channel was not subjected to this high salt wash and thus cytosolic protein-protein interactions were not affected by this prewash.
A mixture of BAPTA and dibromo-BAPTA was used to buffer free Ca 2+ concentration in the cis compartment to 1 µM. The required buffer solution was devised using WinMAXC 2.05 (see above) and subsequently verified by Ca 2+ electrode.
Chemicals and drugs
Fluo-4 was purchased from Molecular Probes/Invitrogen (Carlsbad, CA). BAPTA (1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid), 5,5′-Dibromo-BAPTA (1,2-Bis (2-amino-5-bromophenoxy)ethane-N,N,N′,N′-tetraacetic acid) were obtained from Fluka (Milwaukee, WI). CaCl 2 standard for calibration was purchased from World Precision Instruments Inc (Sarasota, FL). Phospholipids were obtained from Avanti Polar Lipids (Alabaster, Alabama). High-purity ryanodine was obtained from Calbiochem (San Diego, CA). Caffeine, amitriptyline, nortriptyline and TFP were purchased from Sigma-Aldrich (St Louis, MO). Park et al. [24] demonstrated convincingly that TFP is membrane permeable. This is consistent with the reported partition coefficients among the phenothiazine derivatives. For our studies, the TFP was dissolved in water. The wild-type cardiac CSQ protein was kindly provided to our lab by Drs. Pompeo Volpe and Alessandra Nori (University of Padova, Italy). All other chemicals were either from Fluka or Sigma, and were reagent grade.
Statistics
Some results are presented as mean±SEM of n measurements (or channels). Statistical comparisons (unpaired) between means were performed using a Student's t test with significance defined at the p<0.05 level. . Thus, the TFP-dependent Po change is due primarily to increased event frequency at low TFP doses (<10 µM) and by sustained long open events at higher TFP doses.
Results
TFP action on single
As described earlier, the RyR2 channel is regulated by both CaM and CSQ [9] [10] [11] [12] 28] and TFP alters these proteins [24, 37] . The possibility that TFP action on RyR2 function was due to TFP disruption of CaM-RyR2 or CSQRyR2 regulation is addressed in Fig. 3 . First, CaM and CSQ modulate RyR2 from opposite sides of the channel (cytosol and luminal, respectively). Figure 3a shows sample recordings in control conditions and after 100 µM TFP was added either to the cytosolic or luminal side of the channel. The increase of Po evoked by TFP addition was identical irrespective of whether the drug was added to the cytosolic or the luminal side of the chamber. Note that these studies do not differentiate whether the drug was acting on one or both sides of the channel. The lack of sidedness simply indicates that TFP acts from both sides of the membrane or that the membrane is not a substantial barrier for TFP to reach its site of action.
All the single RyR2 channels in our studies were prestripped of any CSQ that may have been associated with them. This was done by pre-treating channels with high luminal Ca 2+ levels (>10 mM for 15 min) which is known to promote dissociation of the CSQ from the RyR2 channel complex [2, 14, 26] . The effectiveness of the stripping process is demonstrated in Fig. 3b , where sample recordings in three experimental conditions are shown (before stripping, CSQ stripped, and CSQ replaced). All these recordings were made in the presence of 1 µM cytosolic Ca 2+ and 1 mM luminal Ca 2+ (some luminal Cs + was also present to provide charge carrier). The CSQ replacement was done by adding 5 µg/ml of the CSQ protein to the luminal chamber [26] . Note that the Po in the CSQ stripped condition (Fig. 3b, middle trace) is similar to that of the CSQ stripped control RyR2 recordings shown in Figs. 1 and 3a. Since all TFP challenged single channels in this study were CSQ stripped, the TFP actions reported here cannot be due to TFP disruption of the CSQ-RyR2 regulatory process.
The rate of CaM-RyR dissociation [3, 34] suggests that little, if any, CaM is likely to be associated with the channel by the time its activity is recorded in our bilayer studies. This is consistent with the observation that addition of 1 µM CaM to the cytosolic side of the RyR2 changed Po in our control conditions (0.067±0.026, n=5 vs. 0.042± 0.025, n=4). Although this was not a statistically significant difference, the change was of the anticipated magnitude and in the expected direction [31] . This small inhibitory action of CaM on RyR2 Po is not illustrated here. Instead, Figure 3c 
B.
OPEN TIME 50 TFP action on Ca 2+ signaling in ventricular myocytes Next, we studied how TFP affects elementary Ca 2+ release events (Ca 2+ sparks) in saponin-permeabilized ventricular myocytes. Figure 5a shows representative confocal linescan images (space vs. time) and corresponding subcellular ΔF/ F 0 profiles recorded from the marked points. Sparks were monitored before (control), during the first and third minute (1 and 3 min) following application of 50 µM TFP. TFP initially increased spark frequency by 57% followed by suppression of spark activity by 50% compared to control. Average Ca 2+ spark frequencies in control conditions were 9.5 ± 1.0 and 14.9 ± 1.1 and 4.7 ± 0.6 sparks × s −1 × (100 μm) −1 (n=9) during the first and third minute after TFP application, respectively. TFP initially increased spark width and duration by 13% and 23%, respectively. During the later phase (measured after 3 min of TFP application), spark amplitude and width were significantly decreased by 25% and 21%, respectively, but not spark duration. Ca 2+ spark properties in permeabilized cells in these three experimental conditions are provided in Table 1 . This TFP action was at least partially reversible after the drug was washed out. We tested whether the observed transient stimulation of Ca 2+ spark activity was associated with changes in SR Ca 2+ load. A similar action of TFP on [Ca 2+ ] i handling was observed in intact ventricular myocytes. We found that TFP (100 μM) evoked SR Ca 2+ release and this was followed by a depletion of SR Ca 2+ load (Fig. 5c ). The amplitude of this TFP-induced Ca 2+ release in intact cells was 18±6% (n=4) of the control caffeine-induced Ca 2+ transient. After the initial release evoked by TFP, SR Ca 2+ load in the intact cells was decreased to 56±8% (n=4) of control. We also found that TFP significantly inhibited action-potential-evoked Ca 2+ transient amplitude by 60-70%. Additionally, we observed that the decay kinetics of Ca 2+ transients were slower by~50% in the presence of TFP (Fig. 5c) (Fig. 5c ). This implies that the slower decline of the action-potential-induced Ca 2+ transient is likely the result of SERCA inhibition by TFP. TFP inhibition of SERCA is consistent with early reports of TFP actions on the SR Ca pump [16] .
These data are in agreement with the idea that stimulation of RyR2 by TFP causes a transient stimulation of SR Ca 2+ release in both permeabilized and intact cells. The subsequent decrease in RyR2 activity is likely a consequence of SR Ca 2+ content depletion due to higher Ca 2+ leak from the SR and reduced SR Ca 2+ uptake. This TFP action is very similar to the action of AMT on SR Ca 2+ handling in ventricular myocytes [40] . 
A.
Discussion
The phenothiazine TFP and tricyclic antidepressants NRT are commonly prescribed antipsychotic drug that have adverse, and potentially lethal cardiac side effects [4, 17, 19] . These drugs are known to alter CSQ Ca 2+ binding [24] and CSQ is known to be an important regulator of single RyR2 channel function [14, 26] . The same is true for CaM [5, 31, 36, 37] . These facts piqued our interest in defining how TFP and NRT may alter single RyR2 channel function and/or RyR2-mediated Ca 2+ release in cells. The therapeutically effective TFP and NRT plasma concentrations are thought to be in the 10 −7 to 10 −6 M range [4, 32] . Toxic levels of these drugs have been [7] . Additionally, tricyclic antidepressants are known to block Na + currents with an IC 50 of about 20 µM [22, 23] . Thus, TFP and NRT action on single RyR2 function appears to be just one of several possibly cardiotoxic actions of these drugs. The TFP action on RyR2 channels reported here occurred at smaller TFP concentrations than those described above. This could imply that the TFP action on single RyR2 channels is of greater significance than these other reported actions. However, this may be an overly simplistic interpretation. For example, Nau et al. (2000) reported substantial block of cardiac Na + currents during repetitive depolarization pulses (~55% block at 5 Hz) in the presence of just 1 µM AMT. Thus, although the relative steady-state affinities are suggestive, they may not accurately reflect how these drugs act in the dynamic environment of the cell.
In ventricular myocytes, we show that TFP transiently increased Ca 2+ spark frequency and reduced SR Ca 2+ content within a few minutes. Increased spark frequency is thought to reduce SR Ca 2+ load and this will in turn eventually down regulate spark frequency [9] . In addition, inhibition of SERCA by TFP would also contribute to depletion SR Ca 2+ load. The transient increase in spark frequency we observed here may be a consequence of a TFP-evoked increase in single RyR2 opening frequency. The increased opening frequency could be due to a direct TFP action of the RyR2 channel as we observed in our bilayer studies. TFP actions on CaM and/or CSQ may also indirectly contribute. We cannot conclude unequivocally whether the effect of TFP on Ca 2+ sparks is direct or indirect (or a combination of both). Since the cytosolic environment is controlled in permeabilized cells by the perfusion solution (which in our experiments did not contain CaM), it can be argued that endogenous CaM was largely washed out in those studies. Therefore, CaM is unlikely to play a role in the TFP effect on sparks in our studies. The does not apply to CSQ. Since TFP permeates cell membranes, it may indeed be interacting with CSQ inside the SR of both intact and permeabilized cells in our studies. Although we cannot make any definitive statements about the relative contributions of direct and indirect (via CSQ) TFP actions at this point, we believe that both are likely playing a part here. Also, it is important to note that the experimental conditions were not identical in our cellular and bilayer studies (due to the usual technical considerations) and this should always be considered when interpreting results like these.
This action of TFP on RyR2-mediated Ca 2+ signaling in myocytes and single RyR2 channel function was reminiscent of those of caffeine. One clear difference is that the caffeine EC 50 of single RyR2 activation was 1.1 mM while the TFP EC 50 was 5.2 µM. Another is that high doses of caffeine-activated single RyR2 channels to Po levels approaching 1 while high doses of TFP activated channels to a Po level of~0.6. High NRT doses activated channels to a lesser extent (Po~0.3). This implies that TFP and NRT may not be good substitutes for caffeine for rapidly assessing SR Ca 2+ load (where maximal RyR2 opening is required). However, the lower EC 50 's and effectiveness of TFP and NRT may make them interesting pharmacological probes in SR Ca 2+ release studies were less robust RyR2 activation is desirable.
